The effect of adriamycin on HeLa S-3 cells grown in monolayers was studied. Adriamycin is a newantitumor antibiotic of the anthracycline group isolated from cultures of Streptomyces peucetius var. caesiusly. Its chemical structure is very close to that of daunomycin from which it differs only in having a hydroxyl group substituted for a hydrogen atom of the acetyl radical. The effect of adriamycin on several experimental tumor systems has recently been reported from our laboratory2). The present studies were undertaken to show the cytological effects of adriamycin on HeLa S-3 cells in vitro. Furthermore, studies were made of its action on the biosynthesis of macromolecules by HeLa S-3 cells. Thymidine-6-3H with specific activity of 5.0 Ci/mmole, uridine-5-3H with specific activity of 15Ci/mmole and leucine-4,5-3H with specific activity of 32 Ci/mmole were purchased from Daiichi Pure Chemicals Co., Ltd.
studied. The growth of HeLa S-3 cells was clearly inhibited at low doses of 0.05 and O.lOmcg/ml. One of the earliest changes of the cells treated with adriamycin was the rapid depression in mitotic frequency. Adriamycin caused inhibition of cell division even when added at the end of DNAsynthesis phase.
Adriamycin inhibited RNAsynthesis more severely than DNAand protein syntheses.
Moreover, the specific inhibition of RNA synthesis was observed in logarithmically growing cultures under conditions which permitted normal syntheses of DNAand protein. However, the degree of inhibition of RNA synthesis was reduced in synchronized cultures with excess thymidine. The mode of action of adriamycin is discussed.
Adriamycin is a newantitumor antibiotic of the anthracycline group isolated from cultures of Streptomyces peucetius var. caesiusly. Its chemical structure is very close to that of daunomycin from which it differs only in having a hydroxyl group substituted for a hydrogen atom of the acetyl radical. The effect of adriamycin on several experimental tumor systems has recently been reported from our laboratory2). The present studies were undertaken to show the cytological effects of adriamycin on HeLa S-3 cells in vitro. Furthermore, studies were made of its action on the biosynthesis of macromolecules by HeLa S-3 cells. Thymidine-6-3H with specific activity of 5.0 Ci/mmole, uridine-5-3H with specific activity of 15Ci/mmole and leucine-4,5-3H with specific activity of 32 Ci/mmole were purchased from Daiichi Pure Chemicals Co., Ltd.
Materials and Methods

Chemicals
Tissue culture procedures : Clone S-3 of HeLa cells was used in these experiments.
This clone was cultured in Rouxbottles containing 50 ml of growth mediumwhich consisted of YLE basal medium (Earle's balanced salt solution containing 0.1 % yeastolate, 0.5% lactalbumin hydrolysate and 0.ll % sodium bicarbonate) supplemented with 10 % calf serum. For observation of the effect of adriamycin on the growth of cells, a fully grown culture was treated with 0.1 % trypsin solution, and the released cells were suspended in the above mediumto approximately 2X105cells per ml. Oneml of the suspension was inoculated into each culture tube and incubated at 37°C for 24 hours in a slanted position. All experiments on asynchronous populations were performed on cells in the logarithmic phase of growth. Adriamycin at desired concentration was added on 0 day. Three tubes 51O THE JOURNAL OF ANTIBIOTICS SEPT. 1972 per group were prepared for all experiments.
Synchronized cell culture : The two-day-old tube cultures in the growth medium were replaced by the medium containing 2mM thymidine3'4). After 24 hours, the state of thymidine excess was ended by washing the cells three times with the prewarmed normal medium, and incubation was initiated again in desired test media at 37°C. The start of the incubation was referred to as "zero hour". The replacement of mediumand the washing procedures were performed at 37°C as much as possible to avoid any cold shock during the synchronization of cultures. Under these conditions, DNA synthesis continued to 6th hour, and the cell number nearly doubled by 13th hour or so.
Incorporation of labelled precursors into nucleic acid and protein : The rates of DNA, RNAand protein syntheses were determined by measuring the incorporation of thymidine-3H (0.2 //Ci/ml), uridine^3H (0.4 juCi/ml) and leucine-3H (1.3 juCi/ml), respectively, into acidinsoluble material during a 60-minute pulse. Immediately after the incubation at 37°C, the reaction was terminated by rapid chilling in an ice bath. The mediumcontaining radioactive precursors was removed by decantation, and the monolayers adhering to the glass surface were gently washed three times with cold PBS (Dulbecco's" phosphate-buffered saline) followed by successive washes with 4 %, 2 % and 1 % cold PCA(perchloric acid) respectively two times for 5 minutes per time. The cell sheets were then rinsed with water and permitted to dry. The dried cell residues were dissolved in 2.0ml of 1N NH4OH,and aliquots were taken for analysis. Isotopic determination was carried out by drying aliquots planted on clean aluminumplanchets and then counting the radioactivity in a low background windowless gas flow counter (Aloka JDC-104B).
Cytological observation : For cytological studies, monolayers were prepared by planting 2ml of YLEmediumcontaining lXlO5 cells per ml on cover slips in small tubes. After a period noted, cover slips were taken out of the culture tubes, washed gently with Hanks' solution, and fixed with 70 %methanol for one minute and with absolute alcohol 30 seconds. Thereafter, Giemsa staining was performed, and the number of mitotic figures per 1,000' cells was counted. Determination of cell number:
The monolayers were incubated in 0.1m citric acid-0.05 % crystal violet solution at 37°C for one hour, and the subsequent bare nuclei were counted under a microscope using a hemocytometer.
Results
Effect of Adriamycin on Logarithmically Growing HeLa S-3 Cells
HeLa S-3 cells kept under the conditions described above grew exponentially for at least three generations, and the generation time calculated by means of counting the total cell nuclei by a hemocytometer was 26~28 hours.
As shown in Fig. 1 , adriamycin can inhibit the growth of HeLa S-3 cells atdoses from 0.05 to 5.00mcg/ml. At the dose of 0.025mcg/ml, the cells continued to grow until 4th day following the exposure. With 0.05 and 0.10mcg/ml of adriamycin, cultures started to grow on the first day of incubation, but significant inhibition could be seen from the second day and cytostatic action was observed. Significant inhibition of the growth, or cytocidal action, was observed from the first day after treatment with 1.00 and 5.00 mcg/ml.
Effect of Adriamycin on Mitotic Index
For the purpose of investigating more precisely the effect of adriamycin on HeLa S-3 cells, experiments were carried out to determine the rate of flow of the cells intothe mitotic stage at various times after treatment. Cells were grown on coverslips as described in the text, and 24 hours after cell seeding, adriamycin at the desired concentations (mcg/ml) was added. The metaphase figures were counted at the times indicated.
As shown in Fig. 2 , the frequency of mitosis rapidly decreased depending upon the dose within one hour after treatment at various concentrations.
At a low dose of 0.025mcg/ml, the frequency of mitosis was partially inhibited in the first one hour but thereafter rose. At 0.05 and 0.10mcg/ml, the frequency decreased gradually in 12 hours, but thereafter a large number of cells with multipolar mitosis, chromosome shrinkage and scattering of chromosomes were produced. The mitotic frequency practically disappeared within 3 hours following the exposure tc high doses of adriamycin such as 1.00 and 5,00mcg/ml. On the basis of the above observations, it can be concluded that the stage prior to initiation of mitosis is particularly sensitive to the action of adriamycin.
Effect of Adriamycin on Biosynthesis of Macromolecules in
Logarithmically Growing HeLa S-3 Cells Adriamycin inhibited the incorporation of suitable precursors into RNAmore than into DNAor protein as shown in in Fig. 3 . At high doses of1.00and5.00meg, ml, adriamycin inhibited rapidly both DNAand RNAsyntheses within 2 hours, but 0.05 and 0.10mcg/ml, doses highly effective in blocking cell division, as shown in Fig.  2 were carried out with adriamycin and synchronized HeLaS-3 cells. Fig. 4 shows the effect of increasing concentration of adriamycin on DNA, RNA and protein syntheses in synchronized cultures. At 0.05 and 0.10mcg/ml, neither DNA synthesis nor protein synthesis was affected. However, RNA synthesis had decreased by 6hours, and the maximuminhibition was 22% at 0.10mcg/ml. At a high concentration of adriamycin, 1.00mcg/ml, DNAand RNAsyntheses were inhibited significantly without any effect on protein synthesis. The maximuminhibition of DNA synthesis was 58%at the 4th hour after treatment and that of RNAsynthesis was After 24 hours of growth, fresh medium with adriamycin was added to cultures. The labelled precursors were added 30 minutes before the respective times indicated, and the radioactivity was measured after one-hour incorporation. All the values represent the averages of duplicate cultures. Fig. 4 . Effect of adriamycin on syntheses on DNA, RNA and protein in synchronized HeLa S-3 cells. Adriamycin at various concentrations was added at 0 hour after excess thymidine was removed. The labelled precursors were added 30 minutes before the respective times indicated, and the radioactivity was measured after one-hour incorporation. Each figure represents the average of duplicate cultures. on the cell division in synchronized culture of HeLa S-3 cells. Adriamycin (0. lOmcg/ml) was added 0,2, 4 and 6 hours after the synchronized culture was initiated.
The number of cell nuclei was counted at the times indicated. All values represent the averages of duplicate cultures.
Thus, the inhibition of RNAsynthesis in synchronized cultures caused by adriamycin occurred earlier and was somewhat greater than that of DNA synthesis.
However, the inhibition of RNAsynthesis in synchronized cultures at 0.05 and 0.10s mcg/ml was much less than that in logarithmically growing cultures.
Effect of Delaying the Addition of Adriamycin on Cell Division in Synchronized Cultures of HeLa S-3 Cells
In order to dissociate more clearly the effect of adriamycin on DNA synthesis, from its effect on cell division, synchronized cultures were treated with adriamycin,. 0.10mcg/ml, at various stages of the DNAsynthesis phase. The results are shown in If adriamycin was added at 0 hour, the rate of cell division was inhibited about 65 % at 15 hours after treatment. The percent of inhibition was slightly less, if adriamycin was added at the 2nd hour of incubation or later. Addition of adriamycinat the 6th hour, when DNAsynthesis had virtually finished and just before mitosis began, still caused inhibition of cell divison. Considering that this concentration of adriamycin, 0.10mcg/ml, affected DNA synthesis only slightly, these results suggest that the effect of adriamycin on DNA synthesis is not responsible for inhibition of cell division.
Discussion
In this report, the authors have presented the studies made to elucidate the mechanism of action of adriamycin on HeLa S-3 cells in vitro.
Adriamycin inhibited significantly the growth of HeLa S-3 cells at 0.05~5.00 mcg/mh Following the addition of 0.05 to 5.00mcg/ml, a rapid depression of mitotic index occurred within one hour. Thus, it can be concluded that the stage prior to initiation of mitosis is.
particularly sensitive to the action of adriamycin and that the first effect of adriamycin is to prevent the cells from entering the visible stage of mitosis. This was confirmed by the experiment with synchronized cultures ; that is, the addition of adriamycin just before the beginning of mitosis still caused inhibition of cell division.
On the other hand, in logarithmically growing cultures, adriamycin inhibited RNA synthesis more markedly than DNAsynthesis, but it had no effect on protein synthesis. At 0.05 and 0.10 mcg/ml, doses effective in blocking cell division, adriamycin inhibited RNA synthesis selectively without any effect on DNAand protein syntheses. was more significant than that of DNAsynthesis. They suggested that there was blockage of synthesis of nuclear, particularly nucleolar RNA. On the other hand, though some of the antimetabolic effects of daunomycin, which is very similar to adriamycin in structure, have been described repeatedly9'10*11), the correlation between the antimetabolic effects and the antimitotic activity is not clear. Recently, Silvestrini et al.12) showed that daunomycin at low concentrations affected mainly the Gt and G2 phases in the cell cycle of synchronized cultures of rat fibroblasts. These results are in favor of our observation. As suggested by Pigram et al.13), the direct interaction of daunomycin with DNAwill be also possible.
Further studies on the correlation between the antimetabolic effect of adriamycin and the antimitotic activity in synchronized HeLa S-3 cells are currently in progress.
